We investigated whether the directional effect on the kappa effect can be attributed to the directional anisotropy of retinotopical space or to the representation of forces provided by environmental contexts (e.g., gravity) in an observed event. We examined whether different contexts with similar directional changes (straight vs. reversed motion) influence the kappa effect in four experiments. The object's motion appeared to depict only forces under the natural laws of physics on a slope (Experiment 1) or on a horizontal plane (Experiment 2) in virtual 3D space. In Experiments 3 and 4, the motion appeared to be subjected to external or self-driving forces additionally influenced by internal forces on a slope (Experiment 3) or a horizontal plane (Experiment 4).
Introduction
The kappa effect is a spatio-temporal illusion that substantiates the strong relationship between perceived space and time (Abe, 1935; Cohen, Hansel, & Sylvester, 1953 , 1955 Noguchi, Kitaoka, & Takashima, 2008; Price-Williams, 1954) . A series of successive targets, delimiting distance as variable and duration as fixed, causes an observer to experience the kappa effect, in which the perceived temporal separation tends to vary in direct proportion to the distance of targets.
In one well-known theory attempting to account for the kappa effect, Jones and Huang (1982) proposed the constant velocity hypothesis. They theorized that an observer tends to impute uniform motion to discontinuously displayed successive stimuli. Observers expect the duration between successive stimuli to reflect uniform motion. Consequently, the observer estimates that the traversing of a target for a given distance requires a duration based on uniform motion. This pattern causes the observer to perceive a duration biased from the given physical duration. This phenomenon seems related to the physical rules of time, distance, and speed.
Recently, Sarrazin, Giraudo, Pailhous, and Bootsma (2004) reported a situation where the constant velocity hypothesis was not applicable. In their examination of the kappa effect in visual memory, participants observed eight white dots, which successively appeared in one direction in horizontal alignment along a straight line at either a fixed or variable inter-stimulus interval (ISI). When the ISI was constant and the distances between dots were not, they observed the kappa effect, which followed the constant velocity hypothesis. On the other hand, when both ISIs and distances of observed patterns were varied, they failed to observe the response pattern predicted by the constant velocity hypothesis. It might be difficult to perceive uniform motion from such complicated patterns. Given the disappearance of the kappa effect when such complex spatio-temporal relations cause observers to be unable to perceive uniform motion, they concluded that the constant velocity hypothesis could not adequately explain the spatio-temporal integration phenomenon. However, from a different perspective, their study may demonstrate that a simple spatio-temporal condition, exemplified as a constant ISI, may be a prerequisite, or at least a crucial factor, for the kappa effect. In other words, the disappearance of the kappa effect suggests that context might be the determining factor for observed events such as constant velocity.
The idea that the context of observed events affects our perception is also supported by studies of displacement in spatial memory (Hubbard, 1995 (Hubbard, , 2005 . The most famous example of these 0042-6989/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2011.05.016 phenomena is known as ''representational momentum,'' which is the tendency to displace the remembered location of a target: the final position of a moving object is remembered as further forward in the direction of movement (Freyd & Finke, 1984) . There is a great deal of evidence that dynamics implied not only by momentum, but also by other environmental contexts, such as gravity, friction, energy transfer, and driving force, affect observers' perception by facilitating their expectations of future target motion. For example, Bertamini (1993) revealed an effect of representational gravity by measuring the distortion of memory for the position of an object on an inclined plane in which the angle of inclination and retention interval were changed. As for energy transfer in collisions, Hubbard (2004) demonstrated that the perceived forward displacement of a target object upon collision with another object decreased if the motion of the target was attributable to an impetus imparted from the other object. This was attributed to the observer's naïve expectation that the motion of the launched target will stop when impetus drops below the level needed to maintain its motion. These studies provided experimental evidence that context has an influence on the remembered location of a target. This contextual effect might also affect temporal judgment based on observed motion.
Some research has suggested that the kappa effect is influenced by the context of an observed event, which can imply more complex dynamics than constant velocity. For example, Cohen et al. (1955) observed the kappa effect when stimuli were arranged vertically as well as horizontally. Intriguingly, the kappa effect was greater when the stimuli were perceived as moving upward, while it was smaller when the stimuli were perceived as moving downward. They pointed out that this effect was due to expectations of apparent downward acceleration and upward deceleration because of the implied gravitational force on the target's movement. Cohen et al. (1955) assumed that the duration of the decelerated motion of a target was judged as shorter than expected in the distance moved, and that the duration of the accelerated motion of a target was judged as longer than expected in the distance moved. This assumption is partially supported by the constant velocity hypothesis (Jones & Huang, 1982 ) that constant velocity is based on perceptual properties rather than Newtonian mechanics, because downward motion with constant velocity was perceived when the object's motion was accelerated (Runeson, 1974) . The effect of gravitational direction on the kappa effect is consistent with the results of representational momentum. Hubbard and Bharucha (1988) reported that the displacement was biased toward the direction of gravity. The effect of direction on the displacements suggested that forward displacement was greater for descending than for ascending targets because of implied gravity (Hubbard, 1995) . In addition, Cohen's assumption is also supported by the notion that the brain may use an internal model of gravity to predict the acceleration of a falling object (Tresilian, 1999) . In both the kappa effect and representational gravity, motion in the direction opposite to the direction of implied gravitational attraction results in a smaller effect.
These results suggest that the kappa effect is affected by the representation of gravitational force. However, what appears as the effects of representational gravity might be attributed to directional anisotropy of retinotopical space. Anisotropies refer to response inequalities along different axes of a motion direction. For examples, vertical motion sensitivity was higher than horizontal motion sensitivity, and upward motion sensitivity was higher than downward motion sensitivity in the inferior retina (Raymond, 1994) . Previous studies on representational momentum and related types of displacement have been attributed not only to anisotropy of retinotopical space, but also to an inference or physical knowledge, such as implicit beliefs about an object's motion, in an observed event (e.g., Kozhevnikov & Hegarty, 2001 ). In the kappa effect, experimental evidence towards ruling out the possibility of anisotropy of retinotopical space was obtained in a study by Jingu (1999) examining the effects of gravitational representation on the kappa effect in a slope. In Jingu's experiments, stimuli consisted of three targets that were sequentially presented on a slope: the first target was presented at the top of the slope and the second one was presented further down the slope. Under the descending condition, the third target was presented on the slope below the second target, and under the descending-ascending condition the third target was presented on the slope between the first and second targets. He observed the kappa effect under both conditions. Moreover, the ISI between the second and third targets under the descendingascending condition was perceived as longer than that between the first and second targets, despite the fact that the distance moved in the former interval was shorter than that in the latter. This study suggested that the influence of context on the kappa effect is present in a slanting, as well as vertical, direction. Therefore, the enlargement of the kappa effect in an upward direction or the reduction in a downward direction are less likely due to the directional anisotropy in the retinotopical space, but very likely due to context.
Taken together, this evidence shows that it is plausible that the kappa effect is influenced by several forces, such as gravitational acceleration/deceleration, deceleration by air resistance, friction, or collision against other objects, under physical laws that are generalized descriptions based on observations of physical behavior. However, the schematic 2D pattern used in Jingu's study was unclear concerning the direction of gravitational force. In the schematic 2D display, the direction of representational gravitational force changes depending on whether the observer perceived the pattern as an overhead view or a lateral view. One promising idea is to introduce a virtual three-dimensional (3D) space that allows control of representations of various environmental cues so that we can clearly present the positions of objects and the forces applied to them from the environment of observed events. Hence, in this study, we utilized shadow casting, one of the strongest cues for determining the 3D position of an object based on its relationship to background objects (Kersten, Mamassian, & Knill, 1997) . We used a checkerboard slope in a virtual 3D space as the background of a target, and cast shadows to depict the three-dimensional movement of the target on the slope to clarify its position in 3D space (cast shadows were optically computed from a superjacent fixed light source), thereby providing enough information to define a 3D relationship between ground and target.
In Experiment 1, we tested whether differences in the kappa effect for downward and upward motions could be reproduced under a condition consisting of contextual physical laws in this 3D space. In Experiment 2, we used a pattern in which the target appeared to move on the horizontal plane. Experiment 2 patterns were identical to the distances in virtual space and the ISIs of Experiment 1. These conditions induce the percept of moving on a plane with a different effect of gravitational force than that in Experiment 1, because the direction of the gravitational force acting on an object does not depend on the target's direction change in such a horizontal motion. In Experiment 3, we showed participants different types of events in order to assess contextual influence: We used a pattern in which a target's diagonal motion could appear to be cast on a space or to be climbing a slope with the influence of extra forces. In Experiment 4, we used a pattern in which the target appeared to move on the horizontal plane as in Experiment 2. Experiment 4 patterns were identical to the distances and the ISIs of Experiment 3. Taken together, the results of these four experiments demonstrated that virtual 3D space is a valuable tool for investigating the effect of context on the spatio-temporal integration represented by the kappa effect.
Experiment 1
We constructed a virtual 3D space in which we set a slope and flat landings, using cast shadows as positional cues. In Experiment 1, the merit of using a 3D display was to allow participants to perceive a consistent direction of gravitational force. The pattern that positions the target definitively on the horizontal plane in 3D space was used to promote a specific viewpoint and a specific direction of gravitational force (diagrammatic perspective view in our Experiments). Three target stimuli, or virtual balls, were sequentially presented at different positions on the slope. We investigated whether the effect of direction of an upward motion was greater than that of a downward motion in the kappa effect previously reported (Cohen et al., 1955; Jingu, 1999) , and whether it could be reproduced under a condition using contextual physical laws in this virtual space.
Methods

Participants
Four healthy adults (one woman and three men) aged 29-32 years participated in the experiment. They all had correctedto-normal vision.
Apparatus and stimuli
Visual stimuli were presented on a 22-in. CRT monitor (resolution = 1024 Â 768 pixels; 24.6°in diagonal visual angle, TOTOKU CV921X; 100 Hz refresh). The CRT was controlled using a personal computer (Apple Power Mac G5).
The 3D virtual space, created using computer graphics for projection onto a 2D display (approximately 9.0°in diagonal visual angle), was presented at the center of the monitor (Fig. 1) . A gray floor was placed in a black background, and three checkerboards were arranged to form a slope with landings at the top and bottom. The slope was inclined to 45°in the virtual space in the display. From a point light source (cf., Kersten et al., 1997) , shadows were cast using 3D rendering software (Lightwave 6.5, D-STORM).
In the virtual space, we introduced three ball-like targets in each visual pattern. All targets were 0.6°in visual angle and drawn with shading on the object, plus a shadow cast by the object onto the slope from the same single point light source. Each target was sequentially presented upon the virtual slope on the computer display for 100 ms. The positions of the first and second targets were presented successively at fixed distances (separated by 1.3°along the slope) to show a straight event. The first target was presented at the edge between the slope and the upper horizontal plane in as Jingu's experiment. This position made the target's starting position and the positional relationship between the first and third targets clear. Time intervals between the second and third targets (ISI), motion direction (straight and reversed), and spatial distances for presentation of the second and third targets were manipulated. Specifically, the ISI between the second and third targets (t2) were changed in nine steps (300, 350, 400, 450, 500, 550, 600, 650, and 700 ms) . The ISI between the first and second targets (t1) was fixed at 500 ms. The third target was presented above or below target 2 to produce reversed or straight conditions, respectively. The distance between targets 2 and 3 was either long (0.8°along the slope) or short (0.4°along the slope). In an ordinary reversed motion without self-driving forces, the target slows down because of the gravitational force or friction exerted on the target. To project such motion in Experiment 1, the distance between the second and third targets was shorter than the distance between the first and second targets: if the cause of directional change in the reversed condition is not considered the same by each participant, the effect of directional change on the kappa effect may vary a great deal depending on participants, or the motion might not be perceived as that of a single object. If an observer does not perceive the motion as that of a single object, the hypothesis for the kappa effect cannot be verified because the hypothesis proposes that the observer attributes the apparent single-object motion to displays made up of successive objects (e.g., Collyer, 1977; Jones & Huang, 1982) . Therefore, there was an extra object on the slope in the reversed condition to clarify that the event should be perceived as the reversed motion of a single object in motion caused by a collision (see Fig. 2 ). The third target was always presented below the first in Experiment 1. To cancel out asymmetric stimuli orientation, we made horizontally flipped patterns of all stimuli (left-to-right and right-to-left conditions). An equal number of left-to-right and right-to-left conditions were presented in Experiment 1. A total of 72 visual patterns were generated. We presented a fixation point (a small dot) at the center of stimuli during experiments.
Procedure
The experiment was conducted in a dark room. After 10 min of dark adaptation while sitting quietly on a chair, the participants re-
First target
Second target Third target (Short conditions) Third target (Long conditions)
Straight condition
Reversed condition Fig. 1 . Target presentation in Experiment 1. Three targets were sequentially and discontinuously presented upon a slope. In the straight condition (upper row), the target appears to slip down the slope. In the reversed condition (lower row), the target first appears to slip down the slope, and then to change direction and climb up the slope. In addition, there was an extra object on the slope in the reversed condition to clarify the perceived event as a reversal caused by a collision.
ceived their instructions. Each participant's head was fixed to a chin-rest, and the viewing distance was approximately 114 cm. The experiment consisted of two sessions, each with 720 trials, separated by a break. In each session, all 72 visual patterns were presented in random order with 10 repetitions. One visual stimulus was presented in each trial. Participants were requested to keep their eyes on the fixation point during the experiment. Participants received an adequate explanation of the presented motions (reversed or straight) before the sessions started. Participants were told that either of the two types of motion would be presented. The first type was the motion of a target that appeared to reverse up a slope after colliding against another object when slipping down the slope. The other type was the motion of a target that appeared to slip down the slope linearly. The participants judged whether t2 was longer or shorter than t1. In total, each participant underwent 1440 trials consisting of the following: 20 repetitions for each combination of nine stimuli durations, two distance conditions (short and long), two motion directions (straight and reversed), and two direction conditions (left to right and right to left). The stimuli representing each condition were presented in random order, which was different for each participant.
Results
To calculate the point of subjective equality (PSE) and the just noticeable difference (JND), the rate of ''longer'' response (t2 > t1) was computed across all conditions. Fig. 3 shows the proportion of ''longer'' responses in Experiment 1, averaged across participants.
The nine durations (300-700 ms) were used to compute a leastsquare best-fitting line to a probit function for each participant for each condition. The slopes and intercepts from these best-fitting lines were used to calculate the PSE at which t2 was judged as the same as t1 and the JND that indicates the level of difficulty of the judging. The mean of the PSE for each condition was calculated across participants (Table 1) .
The PSEs were subjected to a two-way analysis of variance (AN-OVA), with distance (short vs. long) and motion direction (straight vs. reversed) being factors. The analysis showed a significant main effect of motion direction (F(1, 3) = 23.06, p < .05) and of distance (F(1, 3) = 86.69, p < .01), but the interaction was not significant (F(1, 3) = 2.88, n.s.). The main effect of distance indicated that the PSE in the long condition was smaller than the PSE in the short. The other main effect showed that that the PSE in the reversed condition was smaller than that in the straight condition.
The JNDs were also subjected to a two-way ANOVA, with distance (short vs. long) and motion direction (straight vs. reversed) being factors. The analysis showed a significant main effect of motion distance (F(1, 3) = 21.01, p < .05). The main effect of distance indicated that the JND in the long condition was smaller than the JND in the short.
In post-experiment interviews, no participants reported that they had perceived any motion other than straight and reversed.
Discussion
The results of Experiment 1 show that the kappa effect and its enlargement in upward motion and reduction in downward motion can be observed in a virtual 3D space, as with previous studies.
We observed that the JNDs in the long condition were smaller than those in the short condition. This result indicates that the participants judged the difference in time more easily in the short distance condition than in the long distance condition. On the other hand, it suggests that the PSE varied independently of the level of difficulty of the time judgment because the effect of direction was not observed.
We observed that the PSE in the reversed condition was smaller than the PSE in the straight condition. This main effect indicates that observers judged the t2 duration to be longer for the reversed condition than for the straight condition. That is, the kappa effect in upward motion was greater than that in downward motion. This phenomenon is in accordance with previous reports (Cohen et al., 1955; Jingu, 1999) .
The effects of motion direction on the kappa effect in Experiment 1 were consistent with the effect of implied gravitational force. That is, observed targets in the straight condition were pre- sented further forward in the direction of movement. This displacement was interpreted as the influence of apparent downward acceleration caused by gravity. In contrast, targets in the reversed condition were presented with a 180°turn in the opposite direction of the first movement. This displacement was interpreted as apparent upward deceleration caused by bouncing against the extra object and by gravitational force. These interpretations of the gravitational direction were consistent with the study of representational momentum with respect to motion direction. On the other hand, in the study of representational momentum, Freyd and Finke (1984) found that motion in a consistent direction was required for representational momentum. In the reversed condition in Experiment 1, observed motion did not have a consistent direction. It is possible that this disappearance of displacement in the reversed condition caused the difference between upward motion and downward motion on the kappa effect. We conducted the next experiment (Experiment 2) to determine whether directional change or gravitational force influence the apparent upward deceleration.
Experiment 2
The results of Experiment 1 suggested the possibility that the directional effect on the kappa effect was influenced by representational gravity. In order to test this hypothesis more fully, we examined the effect of directional change on the horizontal plane.
It remains possible that the directional change of the target influenced the magnitude of the kappa effect in Experiment 1 because there was a change in the target direction caused by an obstruction only in the reversed condition. Using the 3D display with cast shadows, we could manipulate the relationship between the motion direction and the gravity direction in a similar pattern on the retinal image. Here, we examined the effect of directional change on the horizontal plane, which is consistently affected by representational gravity across direction conditions, under the same distance conditions as Experiment 1.
Methods
Participants
Five healthy adults (one woman and four men) aged 22-38 participated in this experiment. One of the five participated in both Experiments 1 and 2. They all had corrected-to-normal vision.
Apparatus and stimuli
The experimental setup was almost identical to that of Experiment 1, with only the background of the target and the orientation of motion path being different: Each target was sequentially presented upon a virtual horizontal plane. The distances between targets (long or short) and the directions (straight or reversed) in virtual 3D space were the same as in Experiment 1. To avoid the perception that a target partially disappears when it comes into contact with the extra object in the reversed condition, the trajectory of the target's motion was flipped (rotated horizontally by 180°) against the background in the 3D virtual space (see Figs. 4 and 5). The moving distance and directional change in virtual 3D space in Experiment 2 were identical to those of Experimental 1 (the orientation of motion path was not same as in Experiment 1 in 2D display). The direction of the representational gravity force acting on the object did not vary with a change in motion direction in Experiment 2. The visual stimuli were presented on a 22-in. CRT monitor using a personal computer (Apple Mac Mini).
Procedure
The procedure was identical to that of Experiment 1: 1440 trials consisting of 20 repetitions for each combination of nine stimuli durations, two distances (short and long), two motion directions (straight and reversed), and two direction conditions (left-to-right and right-to-left). Fig. 4 . Target presentation in Experiment 2. Three targets were sequentially and discontinuously presented upon a virtual horizontal plane. In the straight condition (upper row), the target appears to be moving forward in a straight line on the horizontal plane. In the reversed condition (lower row), the target first appears to be moving on the plane, and then to change direction on the plane. In addition, there was an extra object on the plane in the reversed condition to clarify the perceived event as a rebound caused by a collision.
Results
As in Experiment 1, we computed the rate of longer response (t2 > t1; Fig. 6 ), and the PSE and JND for each condition for each participant. The mean of the PSE for each condition was calculated across participants (Table 2) .
PSE data were analyzed with a two-way ANOVA, with distance (short vs. long) and motion direction (straight vs. reversed) being factors. The results showed a significant main effect of distance (F(1, 4) = 18.99, p < .05), while a main effect of motion direction and the interaction between the two factors were not detected. The main effect of distance indicates that the PSE in long distance conditions was smaller than the PSE in short distance conditions. JND data were also analyzed with a two-way ANOVA, with distance (short vs. long) and motion direction (straight vs. reversed) being factors. There were no significant differences among the main effects of direction, distance, or interaction.
In post-experiment interviews, no participants reported that they had perceived any motion besides straight and reversed motions along the plane.
Discussion
As in Experiment 1, we observed the kappa effect in this experiment since the PSEs varied with the distance conditions. On the other hand, results of the JNDs indicated that the PSE varied independently of the level of difficulty of the time judgment and observers could judge the temporal duration between different distance and directional conditions in a similar manner.
Meanwhile, the PSEs were similar between the reversed and straight conditions in this experiment whereas the PSEs in the reversed condition were greater than in the straight condition in Experiment 1. Moreover, this occurred while the directional change effect on the kappa effect disappeared in Experiment 2. That is, the magnitude of the kappa effect was not influenced by directional change in apparent motion on the horizontal plane. Although there were two types of motion, straight and reversed, both motions were affected to the same degree from representational gravity force, which was orthogonal to the direction of motion. The current results suggest that there were no significant differences between the straight motion and the reversed motion under physical laws in the kappa effect.
The fact that the kappa effect was not influenced by directional change is not consistent with the Freyd and Finke's findings in representational momentum (Freyd & Finke, 1984) . They suggested that representational momentum disappears when the implicit motion path is not consistent. This discrepancy might be attributed to motion which was perceived as consistent motion with direction change in our experiments.
On the other hand, whether the effect of direction on the kappa effect is caused by implied gravitational force assumed from environmental cues or directional anisotropy of retinotopical space is still unclear. To clarify this issue, we conducted Experiments 3 and 4 using conditions under which the target's motion would be impossible without additional force.
Experiment 3
In Experiments 1 and 2, we confirmed that the directional effect on the magnitude of the kappa effect was influenced by the direction of the representational gravity force acting on the object in a virtual 3D space. Since flexible stimuli presentation was made possible in the virtual 3D space, we altered the contexts of the diagonal motion of the targets in Experiment 1 (i.e., being cast onto virtual space or climbing a slope). In Experiment 3, we used motion that required external or self-driving forces to be interpreted under physical laws. To create a motion requiring such an additional force, the distances between the second and third targets were the same or longer than the distances between the first and second tar- gets. In the reversed condition, a target's motion would either cause it to return to the first position or to move off the slope. These motions could not be caused without additional force. We assumed that the kappa effect would change or disappear in such complicated motion events, even in a 3D space as Sarrazin et al. (2004) reported. A comparison between Experiments 1 and 2 with differences in each experimental factor would allow us to eliminate the effects of directional anisotropy in the retinotopical space.
Methods
Participants
The four participants in Experiment 1 also participated in this experiment. The order of participation in Experiments 1 and 3 was counterbalanced across participants. There was no debriefing for either experiment in order to avoid any influence on responses in the other experiment. The participants who participated in several experiments received a debriefing once all experiments were over.
Apparatus and stimuli
The experimental setup was similar to that of Experiment 1 except for the positions of the second and third targets (see Figs. 7 and 8) . The distance between the first and second targets was shorter (0.7°along the slope) than that in Experiment 1 (1.3°along the slope). In the reversed condition, the third target was presented 0.7°along the slope above the second (short condition) or 1.4°a long the slope above the second (long condition) along the direction defined by the slope (45°in the virtual space in the display). This resulted in the third target returning to the position of the first target in the short condition or being cast onto the virtual space in the long condition. The target's motion was depicted so as to be perceived as being on the slope in its initial position under the short condition. On the other hand, under the long condition, the target was depicted so as to be perceived as floating in virtual space after a directional change. In this condition, the relationship between the third target and the slope varied with the distance condition in reversed motion (the target in the long condition was cast onto the virtual space, whereas the target in the short condition moved along the slope). However, because the edge between the slope and the upper horizontal plane played the role of reference position for the position of the target, the relationship between the position of targets 1 and 3 in the reversed condition would be clear. Hence, the perceived events for Experiment 3 were different from those for Experiment 1. In the straight condition, the third target was presented 0.7°or 1.4°below the second target (short and long conditions, respectively) along the slope. This resulted in the third target appearing to slip along the slope for short and long distances.
First target Second target Third target (Short conditions) Third target (Long conditions)
Straight condition
Reversed condition Fig. 7 . Target presentation in Experiment 3. As in Experiment 1, three targets were sequentially and discontinuously presented upon a slope. In the straight condition (upper row), the target appears to slip down the slope. In the reversed condition (lower row), the target first appears to slip down the slope, and then to change direction and bounce along to the top of the slope (third column, short condition) or to be cast up above the slope (fourth column, long condition). In addition, there was an extra object on the slope in the reversed condition to clarify the perceived event as a rebound caused by a collision. 
Procedure
The procedure was identical to that of Experiment 1: 1440 trials consisting of 20 repetitions for each combination of nine stimuli durations, two distances (short and long), two motion directions (straight and reversed), and two direction conditions (left-to-right and right-to-left).
Results
As in Experiment 1, we computed the rate of longer response (t2 > t1; Fig. 9 ), and the PSE and the JND for each condition for each participant. The mean of the PSE for each condition was calculated across participants (Table 3) .
PSE data were analyzed with a two-way ANOVA, with distance (short vs. long) and motion direction (straight vs. reversed) being factors. The results showed a significant main effect of distance (F(1, 3) = 15. 57, p < .05), while a main effect of motion direction and an interaction between the two factors were not detected. The main effect of distance indicates that the PSE in long distance conditions was smaller than the PSE in short distance conditions. JND data were also analyzed with a two-way ANOVA, with distance (short vs. long) and motion direction (straight vs. reversed) being factors. There were no significant differences in the main effects of the direction or distance, nor was there any interaction.
In post-experiment interviews, no participants reported that they perceived any motion besides straight and reversed, as in Experiment 1.
Discussion
As in Experiment 1, the results of Experiment 3 demonstrate that the PSE in long conditions was smaller than the PSE in short conditions. These results indicate that temporal judgment positively correlates with spatial distance in accordance with the kappa effect. These results also indicate that the kappa effect was observed in Experiment 3. In addition, results of the JNDs indicated that the PSE varied independently of the level of difficulty of the time judgment, and observers were able to judge the temporal duration between different distance and directional conditions in a similar manner.
However, the most important finding resulting from the ANOVA of Experiment 3 was the disappearance of a directional effect on the kappa effect. No significant difference was observed between the reversed and straight conditions, whereas the directional effect was evident in Experiment 1. If the directional effect as observed in Experiment 1 were applicable, the PSE under the reversed condition should have been smaller than that under the straight condition, indicating enlargement and reduction of the kappa effect for upward and downward motion, respectively. However, this was not the case in Experiment 3 even though the directional conditions were the same in both Experiments 1 and 3. The disappearance of the directional effect in Experiment 3 indicates that the directional effect on the kappa effect was not caused by directional anisotropy of retinotopical space. If the directional effect on the kappa effect led to directional anisotropy in the retinotopical space, directional effects would be observed in both Experiments 1 and 3. In addition, the disappearance of the directional effect was not caused by the differences in distance between Experiments 1 and 3, because the effect of distance was similarly observed in each experiment. Rather, these results suggest that the directional effect on the kappa effect varies according to whether the target requires additional forces to move under physical laws in perceived events.
Under the reversed condition in Experiment 3, the third target was presented at the same position as or above the first target. Assuming the expected motion of the targets on the slope was influenced by representational gravity without the influence of extra forces and decreases in velocity caused by bouncing off an obstruction, the expected final position of the third target would have been below that of the first target. However, the observed event seemed to violate representational forces such as gravity, repulsion, and friction acting on the target. Thus, the current results suggest that when observers are presented with a motion violating the implied dynamics included in context in the observed events, they may modulate their assumptions to validate the observed events. This could result in the disappearance of the directional effect on the kappa effect.
Experiment 4
In Experiment 3, there was a change of target direction in the reversed condition but not in the straight condition. To distinguish between the effect of direction (straight or reversed) and the directional change in Experiment 3, we investigated whether the effect of directional change affected the kappa effect under the same distance conditions as Experiment 3.
Methods
Participants
Six healthy adults (two women and four men) aged 22-38, including the five participants of Experiment 2, participated in this Fig. 9 . Mean probability of longer responses by probit analysis as a function of event (reversed or straight) and distance (short or long) in Experiment 3. Motion directions (reversed or straight) and distances generated four combinations of conditions. Points indicate means and curves indicate regression curves for each condition. experiment. The order of participation in Experiments 2 and 4 was counterbalanced across participants.
Apparatus and stimuli
The experimental setup was similar to that of Experiment 2 except for the positions of the second and third targets (see Figs. 10 and 11). The distance between the targets in 3D virtual space was identical to that of Experiment 3.
Procedure
The procedure was identical to that of Experiment 2: 1440 trials consisting of 20 repetitions for each combination of nine stimuli durations, two distances (short and long), two motion directions (straight and reversed), and two direction conditions (left-to-right and right-to-left).
Results
We calculated the rate of longer response (t2 > t1; Fig. 12 ), and the PSE and the JND for each condition for each participant. The mean of the PSE for each condition was calculated across participants (Table 4) .
PSE data were analyzed with a two-way ANOVA, with distance (short vs. long) and motion direction (straight vs. reversed) being factors. The results showed a significant main effect of distance (F(1, 5) = 7.33, p < .05), motion direction (F(1, 5) = 10.64, p < .05), and an interaction between distance Â motion direction (F(1, 5) = 11.84, p < .05). Post hoc analysis revealed that the simple main effect of distance was significant for the straight condition, and the event was significant for the short distance condition.
JND data were also analyzed with a two-way ANOVA, with distance (short vs. long) and motion direction (straight vs. reversed)
First target
Second target Third target (Short conditions)
Third target (Long conditions)
Reversed condition Straight condition Fig. 10 . Target presentation in Experiment 4. As in Experiment 2, three targets were sequentially and discontinuously presented upon a virtual horizontal plane. In the straight condition (upper row), the target appears to be moving forward in a straight line on the horizontal plane. In the reversed condition (lower row), the target first appears to be moving on the plane, and then to change direction on the plane. In addition, there was an extra object on the plane in the reversed condition to clarify the perceived event as a rebound caused by a collision. being factors. There were no significant differences in the main effects of direction and distance, nor was there any interaction.
Discussion
Results of the JND indicate that observers were able to judge the temporal duration between different distance and directional conditions in a similar manner. The results of the PSEs of Experiment 4 show that the kappa effect was observed only in the straight motion condition. In addition, under the short distance condition, the PSE in straight conditions was longer than that in reversed conditions. This discrepancy between the results of Experiment 4 and Experiments 1-3 might be attributable to a decreasing PSE in the reversed, short distance condition. In the reversed, short distance condition, observed targets were presented further forward in the 180°direction of movement because of deceleration caused by the apparent rebound from the other object. As a result, the PSE in the reversed condition was shorter than that in the straight condition under short distance conditions. On the other hand, the targets observed in the reversed, long condition seemed to be greatly accelerated by self-driving or external forces, as in Experiment 3. Therefore, the effect of directional change might not be observed in long distance conditions.
The results of Experiment 4 indicate that influences on the kappa effect of the observed event might be restricted by the quantity of forces necessary for achieving the observed motion. Even if the motion in Experiment 4 did not appear to be uniform, the motion in the reversed, short distance condition (return to the starting position) required less additional force than that in Experiment 3 because the reversed motion in Experiment 3 required greater additional force for climbing the slope against gravity. Thus, the effect of acceleration/deceleration caused by the additional force might affect the kappa effect when the requirement of additional force is small. However, this effect might disappear when a large additional force is required for achieving the observed motion. These results indicate that the kappa effect might be influenced by the observed event and the various forces reflecting physical laws within the event.
General discussion
The primary goal of the experiments reported here was to determine whether the directional effect on the kappa effect is influenced by implied physical forces exemplifying contexts in the events observed. Our results indicate that the kappa effect occurs in virtual 3D space, and that it is influenced by the context of observed events including various forces reflecting physical laws.
The kappa effect was observed consistently in Experiments 1-3. These results indicate that temporal judgment positively correlates with spatial distance in these experiments as in numerous previous studies.
In Experiment 1, we observed that the duration was perceived as longer in the bouncing motion on the slope (reversed condition) than that in the straight motion (straight condition), whereas we found no effect of direction on the target motion in Experiment 2. The difference between these experiments is whether the directional change of the target motion occurred on a slope or a flat plane. We can assume that gravitational force was involved in the motion direction on the slope in the reversed condition, while gravitational force is orthogonal to the target motion in the flat plane condition. This difference in represented forces between these experiments is a strong candidate for the determining factors of direction effect on the kappa effect.
On the other hand, the directional effect of target motion on temporal judgment was not observed in Experiment 3 though the target moved on the slope. The difference between Experiments 1 and 3 was whether the target required additional force to move under physical laws in perceived events. Temporal judgment in the reversed motion was longer than that in the straight motion only in Experiment 1, where the target did not required additional force to move, even though the directions used in Experiments 1 and 3 were the same. Furthermore, the directional effect on temporal judgment was not observed in Experiment 2. In Experiment 4, temporal judgment for the reversed motion was longer than that for the straight motion only in the short distance condition. If the directional effect on the kappa effect led to directional anisotropy in the retinotopical space, directional effects would be observed in all event conditions in our experiments. Therefore, our findings suggest that the directional effect on the kappa effect cannot be solely attributed to directional anisotropy of retinotopical space, but also to context including the representation of physical forces. Specifically, the effect of gravitational force on the kappa effect was observed in the comparison between the results of Experiments 1 and 3. In both experiments, the distance condition and directional change (with or without) were the same. The magnitude of the kappa effect differed between apparent upward motion and apparent downward motion only in Experiment 1. The directional effect on the kappa effect in Experiment 1 might be attributed to the displacement of the third target by representational momentum. On the other hand, in the study of representational momentum, displacement was observed even when the target did not appear to move according to physical laws (e.g., Hubbard, 2001) . If the directional effect on the kappa effect led to the displacement of target 3, the directional effect would be observed in Experiment 3. Thus, the directional effect on the kappa effect could not be interpreted only as the displacement of target 3.
There are at least two possible interpretations for the disappearance of the directional effect on the kappa effect in Experiment 3.
The first is that when movement appears to deviate widely from the natural laws of physics as they act upon an unpowered body, that is, when the observed motion cannot be interpreted by these laws without the presence of external or self-driving forces, the effect of representational forces that are expected from these laws also disappears or diminishes. For example, in the reversed condition of Experiment 3, the target seemed to accelerate even though gravity and friction were acting on it. When the target needed additional force to cause its motions under the natural laws of physics, the effect of these laws would disappear. The kappa effect was affected by apparent acceleration in the downward motion and apparent deceleration in the upward motion, which is consistent with the direction of gravitational force under the natural laws of physics (Cohen et al., 1955; Jingu, 1999) .
Our results from Experiment 1 correspond well with the idea that the kappa effect is greater when an object is climbing a slope than when the object is slipping down a slope. On the other hand, in Experiment 3, the final position of the target in the reversed condition was the same as or above that of the first target's position. This movement is considered to deviate widely from the natural laws of physics for an unpowered body because, under those laws, its final position should be lower than that of target 1 due to decel- eration caused by gravity and/or collision, and therefore, the kappa effect may no longer be influenced by forces presumed to be present in the environment (e.g., gravity). Such a deceleration caused by a collision might be smaller than that caused by gravity in Experiment 1 because the effect of directional change was not observed in Experiment 2, and was observed only in the short condition in Experiment 4. The disappearance of the directional change effect in long distance and reversed conditions was attributed to motion that deviated from the natural laws of physics. The kappa effect might be influenced by forces involved in an observed event when an observer can interpret it as an event in which additional forces do not act on the moving object.
On the other hand, the effect of forces on the kappa effect in an observed event disappeared if objects seemed to be acted upon by extra forces, other than gravity, during a motion such as acceleration in Experiments 3 and 4. In some cases, the effect of distance disappeared, that is, the kappa effect was not observed, as in Experiment 4. Sarrazin et al. (2004) reported that the kappa effect was observed only when the observers could perceive uniform motion. Deviation from uniform motion is caused by adding external force or self-driving force to a target's motion. Therefore, our results do not contradict Sarrazin's study. In a state with no apparent external force, where inertia is supposed to be the dominant force, the spatio-temporal integration of the target motion simply followed the constant velocity hypothesis and resulted in the kappa effect devoid of any directional effects.
However, we may not have to deny the presence of gravity because of what appears to be unnatural motion. Kanisza (1991) classified perceived motion into three groups: The first is called ''natural motion,'' which is observed non-intentional motion as typified by the motion of freefall or a pendulum caused by gravitational force or inertia. The second is called ''passive motion,'' in which the motion of a target is attributed to external forces from another target (e.g., the launching effect; Michotte, 1963) . The third is called ''expressive motion,'' in which an observer can perceive a target's intent or mental state, or typical motion caused by an objects' properties such as spring motion or biological motion (Johansson, 1973) . When we perceive events that deviate extremely from natural motion, we may assume the presence of a self-driving force in the target or of an outside force applied to the target. If observers assumed an external or self-driving force upon observing the unnatural motion in the reversed conditions in Experiment 3, the velocity of the target, which is otherwise underestimated due to deceleration caused by gravity, would be preserved. This would lead to a suppression of the directional effects on the kappa effect for an upward motion. Whichever interpretation may be applicable, we can deduce this from the current study: the kappa effect is influenced by the context of an observed event. If the entire background had been switched off in our experiments, the same effects of direction and distance would very likely have been observed between Experiments 1 and 2 and between Experiments 3 and 4 because the differences of the context related to representational gravity disappear between each experiment. In addition, there is a possibility that the magnitude of the directional effect would have been smaller because of the lack of consistency in observers' interpretations of the direction of representational gravity without a background and shadows or of the cause of directional change in the reversed condition without a collided object.
Our research has revealed that there is not full agreement among previous studies on the directional effect on the kappa effect. Previous studies on the directional effect on the kappa effect have suggested that the magnitude of the kappa effect is greater in upward motion than in downward motion. However, the directional effect was not observed in Experiments 2 and 3. In addition, the kappa effect was not observed in the reversed condition in Experiment 4. The discrepancies we found may be attributed to differences in the context inferred during the observed events. Moreover, the directional effect in this kappa effect is not in full agreement with some studies of representational momentum. For example, Freyd and Finke (1984) found that representational momentum disappeared when a target's motion direction changed within trials. They interpreted that the appearance of representational momentum required the presence of a consistent path of implicit motion under such conditions. On the other hand, our experiments showed that the kappa effect did not disappear, even when motion direction changed (reversed condition). This discrepancy might be attributed to motions which were perceived as a consistent path, even with the directional change, because of the extra object on the slope, which was placed as a positional cue for the reversed motion. In addition, the effects of direction, which conformed to the natural laws of physics, were observed in Experiment 1 but not in Experiment 3. Forces, such as gravity, acting even on a stationary target might influence the kappa effect. This phenomenon indicates that the effect of context on perception remains when the direction of implicit motion is changed. Our results suggest that the context of observed events, such as representational momentum, is an intrinsic factor of perception the same as the gestalt principles (e.g., see Hubbard, 2008) .
The kappa effect and its modulations may be viewed from a more unified perspective. We speculate that these modulations are based on natural motion: upon observing successively presented discontinuous targets, observers perceived the movement of a single object from these targets (e.g., beta movement/apparent motion; Wertheimer, 1912) . Meanwhile, observers may also modulate their spatio-temporal relations so that the perceived motion can be modeled under natural motion to contexts of motion in the events observed.
This hypothesis does not contradict various observations related to the kappa effect. Rather, it may incorporate several theoretical explanations, including the constant velocity hypothesis, as they are applicable under certain assumptions. In the classical example, where the stimuli are sequentially displayed horizontally at a constant ISI, the inertia conferring constant velocity on the stimulus is the major context for determining the motion of a target, and thus the constant velocity hypothesis aptly explains the mechanism of the kappa effect. In Sarrazin et al. (2004) , the perceived motion of the stimuli was too complex to be inferred from constant velocity alone, thereby observers would be forced to impute some modulation to the inertia of the target's motion, and this could have led to the disappearance of the kappa effect. Although the effect of gravity is kept constant and thus need not be taken into consideration for horizontal motion, this is not the case for vertical or diagonal motion. In such situations, gravity acts as another major context, and could lead to directional modulation of the kappa effect. Finally, in the reversed condition of Experiment 2, since inertia and gravity were designed to appear insufficient to exert an effect on the observed events, a target's motion was subjected to perceptual modulation, such as the event including self-driving or external forces. Cohen et al. (1955) reported on the downward suppression and the upward enhancement of the kappa effect in comparison to horizontal motion in a 2D schematic display. The difference between motion directions in the results of our Experiment 1 was consistent with their previous study. However, it is still unclear whether the differences between upward and downward motion are accounted for by either a large downward suppression and no change for upward or no change for downward and a large upward enhancement. Further research is needed to clarify the differences in motion direction attributed to a downward suppression, an upward enhancement, or both by direct comparison with a neutral condition (non-representational gravity force condition) in 3D virtual space.
Validation of our hypothesis that perceived motion is based on natural motion requires further experimental support; even so, our findings, along with those of prior studies, have provided sufficient experimental evidence to support the theory that the kappa effect and its modulation is caused by the context of a motion inferred during an observed event. In addition, it is still unclear whether the motion is perceived as unnatural motion when the target goes further than is consistent with natural motion or goes out into empty space. Thus, the kappa effect might also be affected by whether the target was cast on or off the slope as in Experiment 3, if each motion was perceived as a motion having different contexts. Another intriguing research question that has arisen from the current finding is how the relationship between the unnaturalness of a motion and the context of an observed motion affect the magnitude of the kappa effect. In this study, we discussed the effect of context by comparing the significant differences among experiments because the distance between targets 1 and 2 differed from one experiment to another. These differences were caused by targets 1 and 3 being arranged at the edge of the slope in Experiments 1 and 3 for clarifying the positional relationship among the targets. On the other hand, the distance effect in our results for Experiment 2 suggested that the observer could judge the relationship among the targets' positions even if targets 1 and 3 were not arranged at the edge. The direct comparison among motions having various contexts maintained the position of targets 1 and 2 allows us to clarify the effect of the unnaturalness of the motion and the context in observed motion in further research.
Furthermore, in the present study, we focused on whether the duration between targets 2 and 3 was influenced by the context. On the other hand, how the context in observed motion affects the duration between targets 1 and 2 is still unclear, and needs to be clarified with more research.
The effect of context on the kappa effect was a possible involvement of the displacement of the object in the representational momentum. However, there were some differences between the results of our study and studies of representational momentum. In the study of representational momentum, the object's displacement disappeared when there was not a consistent path of implicit motion (Freyd & Finke, 1984) . On the other hand, our results showed that the kappa effect appeared even when the motion direction changed. Also, the directional effect on the kappa effect was observed only when the direction of the representational gravity force acting on the object varied with a change in motion direction. In addition, our results indicate that gravitational effects on the kappa effect were only observed under the condition that the object appeared to be moving naturally according to physical laws. However, in the representational momentum, robust effects of implied momentum and gravity are found even if targets do not appear to move according to physical laws in the study of representational momentum (Hubbard, 2001) . These discrepancies suggest the possibility that the effect of context on the kappa effect is caused not only by the change in the perceptual distance attributed to the displacement of representational momentum, but also to the particular effect of the kappa effect.
Our study showed similar findings to previous studies in that the kappa effect is not dependent on physical distance but rather on perceived distance (Lebensfeld & Wapner, 1968; Newman & Lee, 1972) . Thus, the judgment of time is based on the perceptual, not physical, properties of presented patterns. Previous studies have reported that subjective time is not isomorphic to physical time (Efron, 1970) . For example, subjective time is influenced by attention (Tse, Intriligator, Rivest, & Cavanah, 2004) , context (Zakay & Block, 1997) , and so on. We can further postulate that the judgment of time is based on perceived events including contexts. Indeed, some researchers argue that we cannot perceive the mere passage of time or empty time with no other information (Gibson, 1975; James, 1890) . Our results indicate that the judgment of time is influenced even by dynamic properties including representational gravity and natural motion in an observed event. Thus, the kappa effect is not only a temporal illusion, but may further demonstrate the fact that our perceptual system is based on observed events and the dynamic properties of those events. Revisiting the classical space-time interaction may bring us more insight into our understanding of time and space.
